native species in the field. We expected that intensively managed grasslands with bacterial 23 dominated soils would exhibit a larger nutrient pulse following drought, and hence a greater 24 window of opportunity for invasion, than in extensively managed grassland soils with fungal 25 dominated microbial communities. 26 4. Results from the glasshouse experiment indicated that exotic species grew better in soil that 27 had experienced drought, and had higher survival and growth rates than natives in both 28 grassland types. Field results showed that drought increased invasibility in intensively 29 managed grasslands, but had little impact on survival and growth of seeded species on 30 extensively managed grassland soils. Increased invasibility of intensively managed grassland 31 soils was associated with a significant soil nitrogen pulse following rewetting, which was not 32 detected in the extensively managed grasslands. 33 5. Synthesis. Our results indicate that intensively managed grasslands are more prone to invasion 34 following drought than are extensively managed grasslands, and that this response is in part 35 related to differences in microbial community composition which regulate nutrient availability 36 in soil following disturbance events. Given that extreme climate events are predicted to evidence suggests that resource pulses, which are typically associated with drought disturbances, could 63 play a key role in increasing the invasibility of ecosystems. For example, Parepa et al. (2013) showed 64 that a highly invasive exotic species increased its cover most when nutrients were added in pulses as 65 opposed to constant levels. This suggests that soil resource pulses, which commonly result from 66
climatic disturbance events such as drought, could impact invisibility. 67 
85
The goal of this study was to test the hypothesis that grassland invasibility depends on the response of 86 soil functioning to an extreme climatic disturbance, and that invasibility is greater in soils that are less 87 resilient to drought in terms of their ability to buffer nutrient pulses. This was tested using a series of 88 paired upland grasslands in the Yorkshire Dales, northern England, subject to long term differences in 89 management intensity. Previously, it was shown that differences in management cause shifts in the 90 composition of soil microbial communities that influence the capacity of soil to minimise nutrient loss 91 following drought (Gordon, Haygarth & Bardgett 2008; de Vries et al. 2012a). Specifically, we 92 expected that invasibility would be greater in intensively managed grasslands with bacterial dominated 93 microbial communities that are less resilient to drought disturbance, than in extensively managed 94 grasslands with fungal dominated microbial communities, which have been shown to be more resistant 95 to drought. As a result, this would lead to a greater resource pulse in intensively managed grasslands 96 F o r P e e r R e v i e w 6 following drought than in extensively managed grasslands, and hence a window of opportunity for 97 invasion. We compared the response of native species and exotic congeners to the drought disturbance 98 in a glasshouse study, by seeding natives and related exotics in field soils that were taken from both 99 grassland types. Because exotic species generally have higher growth rates (Dawson et al. 2012), we 100 hypothesized they would exhibit a higher growth after drought disturbance than native congenerics. To 101 test whether results gained from this glasshouse experiment reflected natural invasibility, we 102 introduced the native, but not the exotic species into the field plots in both grassland types, in plots 103 that had experienced drought and no drought. 104
105

Methods
106
Study site 107
Twelve experimental sites were located in Ingleborough National Nature Reserve, which is part of the (Table 1) . 125
Experimental design of field experiment 126
At each of the twelve sites, three treatments of 1.5m x 1m were established in the paired intensive and 127 extensive grassland, between the 23 rd of May and 2 nd of July: (1) a full drought treatment, using 128 drought shelters constructed of a 1.5 m corrugated roof placed 25 cm above the vegetation on a 129 slightly tilted angle (hereafter "drought"); (2) a microclimatic control, which was similar to the full 130 drought treatment, but had 64 2cm holes in the corrugated sheets to allow for rain water to come in, 131 thus controlling for the microclimatic effect of the shelter (hereafter "microclimate control"); and (3) a 132 control with no shelter (hereafter: "control"), amounting to a total of 72 plots. The 40-day drought 133 period equals the probability of once in a 100-year drought period, according to IPCC projections for 134 the north-west region of England (Murphy et al. 2009 ). Each set of treatments was protected against 135 sheep using a 1.2 m high fence (Figure 1 ). During the drought treatments, soil moisture concentrations 136 were tracked with a Theta Probe moisture sensor (Delta-T Devices, Cambridge, UK) on a weekly 137 basis. At the onset of the drought period, soil moisture was similar in both grassland types, but rapidly 138 decreased after setting up the shelters ( Figure S2 ). At the end of the drought treatment, mean soil 139 moisture in the drought treatment was below the wilting point, but not in the microclimatic control and 140 control treatments (Figure 3) . The rewetting event consisted of a rainfall peak following the removal 141 of the shelters and amounted to 70 mm between the 5 th and the 11 th of July ( Figure S2 ). 142
Soil nutrient availability and microbial properties 143
Soil samples were collected before shelters were erected, at the end of the 40 day drought period and 144 two days after the rewetting event. This was done by collecting five randomly positioned soil cores 145
(1.5 x 1.5 cm x 5cm depth) from the central 1x1m, which were subsequently pooled to create a 146 composite sample for the plot. These samples were stored for 1 day at +4 degrees C until analysed for 147 soil nutrient and microbial properties. We expected soils in the different grassland types to differ in 148 soil organic matter quality (i.e. C:N ratio), nitrogen availability, and microbial community structure, in 149 terms of the relative abundance of fungi and bacteria, but we expected no differences in pH and soil 150 
Glasshouse experiment 164
Because the study site was designated as a National Nature Reserve, and because the Wildlife and 165
Countryside act (www.legislation.gov.uk/ukpga/1981/69/schedule/9) prohibits the introduction of the 166 invasive species in this study, it was not possible to introduce exotic species in the field directly. To 167 examine the effect of an extreme climate event and grassland type on invisibility, and compare the 168 effect between natives and exotics, we carried out a glasshouse experiment. For this, we took field 169 soils from drought and control treatments from both grassland types one day after the 40-day drought 170 period. At this time, one kg of soil was harvested from the surface soil (0-7.5 cm) of each control and 171 drought treatment plot in the field. Soils were transported to Manchester, where they were passed 172 through a 5 mm sieve and stored at 4 o C for 48 hrs. Trays (18x23 cm) were filled with 0.25kg soil 173 from each of the drought and control treatments and were brought to 60% WHC. Three of the four 174 native species used in this study were congenerics of exotic species (native mentioned first: Epilobium 175 montanum and E. ciliatum; Heracleum spondylium and H. mantezzianum; Senecio jacobaea (syn: 
Data analysis 199
Initial soil conditions were tested with paired Student's t-tests. Effects of the different drought 200 treatments on soil moisture content at the end of the drought regime and soil nutrient availability after 201 rewetting were tested with a general linear model with treatment (3 levels: control, microclimate, 202 drought) and grassland type (two levels: intensive, extensive) and block effect (12 levels) as a random 203 effect. Survival of seeded plants in the field experiment was tested with a generalized linear models 204 were true, this number was multiplied with -1. The effect of drought on seedling height was tested 211 using the same procedure but with a GLMM instead where the natural log of plant height was used as 212 a normal-distributed dependent variable. Results from the glasshouse experiment were tested using a 213 similar procedure but with species origin (2 levels: natives and exotics) as one extra level in both the 214 GLZ (testing the effect on survival) and the GLMM (testing for the effect on biomass). To meet the 215 assumption of normality of residuals, standardized residuals were tested on normality using a 216
Kolmogorov-Smirnov test. Post hoc Tukey HSD tests were used to test for the pairwise difference 217 between treatments. To inspect the relation between seedling growth in the field and nutrient 218
availability after rewetting, we tested linear regressions between the natural log of plant height and the 219 concentration of mineral nitrogen after rewetting for each species and each drought treatment 220 separately. All statistics were carried out using Statistica 9.0 and R version 2.15.1. 221
222
Results
223
Vegetation and soil microbial community composition 224 Consistent with our expectations, across all sites, soils of more intensive grasslands had a significantly 225 (t (11) = 3.1, P = 0.01 ) lower fungal:bacterial PLFA ratio than soils of extensive grasslands (Table 1 ; 226
Figure 2), which was due to a significantly higher bacterial biomass in the intensive grassland plots 227 (t (1,11) = 3.7 , P = 0.003, 
Effects of drought in soil properties 233
Across all sites, simulated drought had significant measureable effects on soil moisture levels at the 234 end of the drought period (F (2,22) = 54.3, P < 0.001; Figure S2 ). Soil moisture in the drought treatments 235 decreased stronger than in control and microclimate controls, both in the intensive (Tukey HSD, 236 P<0.001) and extensive grassland plots (Tukey HSD, P<0.001, Figure S2 ). Soil temperature was not 237 affected by the drought or microclimate treatment relative to the control (data not shown). Drought 238 significantly increased DIN (NO 3 -+ NH 4 + ) availability in the intensive, but not the extensive 239 grasslands (F (2,55) = 3.6, P = 0.03; Figure 2 ). Further, in the intensive grasslands, there was a significant 240 correlation between the soil moisture at the end of the drought period and the resulting peak in mineral 241 N availability (R 2 = 0.16, P<0.001, Figure 3) . 242
Glasshouse experiment 243
Drought had a positive effect on seedling biomass in both intensively managed and extensively 244 managed soils (F (1,225) = 14.5, P < 0.001; Figure 4 ). Both exotic and native seedlings growing on soils 245 from intensively managed grasslands had higher biomass than when grown on soil from extensively 246 managed grasslands (F (1,11) =17.6, P<0.001, Figure 4) . Overall, exotic species performed better than 247 native congeners or confamiliars (F (1,225) =52.5; P<0.001; Figure 4) . Survival of seedlings from exotic 248 species was higher than for native seedlings, but only in soils of intensively managed grasslands (Wald 249 
Field experiment 253
Two months after introduction, seeded species exhibited higher growth in intensively managed 254 grassland plots than in extensively managed grassland plots (F (1, 184) = 41.8, P<0.0001; Figure 4) . 255
Heracleum sphondylium exhibited the greatest seedling growth, Epilobium montanum showed the Our study reveals a novel mechanism by which extreme climate events influence the invasibility of a 268 range of exotic and native species in grassland plant communities. The findings of our glasshouse 269 experiment indicate that, compared to natives, exotic plant species exhibit more vigorous growth, 270 especially when grown in soils of high nutrient availability from intensively managed grasslands. 271
Results from our field manipulation experiment, which was carried out across a broad range of 272 grasslands sites, shows that drought had a strong, positive effect on species invasibility, but that this 273 effect only occurred when species were seeded into productive, intensively managed grasslands, in 274 which we observed a significant pulse in soil inorganic nitrogen following rewetting after a period of 275 drought. In contrast, in extensively managed grasslands, which have fungal dominated soils of lower 276 nitrogen availability, drought did not cause a significant nitrogen pulse or increase species invasibility, 277 suggesting that these low productivity grasslands are more resistant to invasion following extreme 278 climate events. Overall, our results suggest that extreme climate events can increase species grassland 279 invisibility through creating pulses in soil nutrient availability, but that the strength of this effect varies 280 across grasslands depending on their management intensity and the resilience of soil microbial 281 processes of nutrient cycling to disturbance. Our data from the field manipulation experiment provide further evidence that invasibility of a broad 296 range of plant species, covering four different families, differed between grassland types, being greater 297 in intensively managed than in extensively managed grasslands, especially when a drought disturbance 298 was applied. We propose that this response is due in part to management-induced differences in soil 299 microbial community composition between the grassland types, which influence the availability of soil 300 nitrogen, and hence plant nitrogen availability, following dry-rewetting events. Supporting this idea 301 we found that soil inorganic nitrogen availability increased markedly after rewetting in soils of 302 intensively managed grasslands with bacterial dominated communities, but not in soils of extensively 303 managed grasslands, which have more fungal dominated microbial communities. Also, we found that 304 seedling growth after rewetting was positively correlated with inorganic nitrogen availability in soil, 305
suggesting that the pulse in nitrogen availability in soils of intensively managed grasslands following 306 rewetting was associated with increase in acquisition of nitrogen by seeded plants. These findings are 307 consistent with previous work done in grasslands showing that fungal dominated microbial 308 communities are more effective in sequestering nutrients in soil than are bacterial dominated microbial 309 Vries et al. 2012b) . Collectively, these findings, along with those from our glasshouse 315 study, suggest that bacterial dominated soils exhibit a greater window of opportunity to species to 316 invade, particularly when exposed to extreme drought conditions. 317
Although the majority of invasive species in Europe has been found to share the life-history 318 characteristics with the species used in the current study (Pyšek et al. 2009 ), it remains unclear 319 whether the observed patterns shown here also apply to exotic species with different life history 320 characteristics. Given this, future experiments should consider the response to climate related 321 disturbances of a broader range of exotic species, with different life history characteristics to those 322 studied here, including species that are more dependent on mutualisms (e.g. Leguminosae or 323 Ericacaea). Nevertheless, our study did show that, on the whole, plant species show a consistent 324 positive response to nutrient pulses resulting climate extremes in soils of intensively managed 325 grasslands. What is more, as exotics performed far better in the glasshouse than their native congeners, 326 field results may be conservative estimates of responses of exotic species under the same field 327 conditions. 328
In conclusion, our study reveals that grasslands differ in their vulnerability to invasion by exotic and 329 native species following extreme climate events, and that this difference is related to differences in soil 330 microbial community composition that influence nutrient availability following disturbance events. 331
Given that the number of extreme climatic events is projected to increase, our data suggest that the 332 number of successful plant invasions might increase in ecosystems with soils of high nutrient 333 availability that are also less resilient to disturbance. Moreover, our data suggest that extensively 334 managed grasslands may have a greater capacity to buffer invasions following extreme climate events, 335 most likely due to the ability of their fungal dominated microbial communities to effectively retain 336 period that drought shelters were set up in the field.
